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Amorphous oxide semiconductors (AOSs), spearheaded by amorphous Indium Gallium Zinc Oxide (a-IGZO), are regarded as one of the leading candidates for next generation thin-film transistor (TFT) active channel materials, 1-5 with emerging applications in flat-panel displays, flexible electronics, and low cost connectivity. 6 a-IGZO is considered a prime candidate for these applications due to its relatively high electron mobilities >10 cm 2 /Vs, 2 its good uniformity over large areas, its high optical transmission, above 75% over the visible range, [7] [8] [9] and its low processing temperatures, <200 C. 10 To demonstrate the applicability of a-IGZO, several prototype devices have already been produced, including both rigid and flexible active matrix organic light emitting diode (AMOLED) displays, [11] [12] [13] e-ink displays, [14] [15] [16] and radio frequency identification (RFID) tags. [17] [18] [19] The deposition of a-IGZO has been investigated through several routes, including pulsed laser deposition (PLD), 2, 20 solution processing, [21] [22] [23] atomic layer deposition (ALD), 24 and sputtering. 8, 10, 21, [25] [26] [27] [28] It is commonly found that hightemperature post-process annealing has a positive impact on device performance. This has been attributed to several factors, including improvements in the bulk channel region, increasing field effect mobility (l), 25 and decreasing subthreshold slope (SS), and to improvements in the channel/gate dielectric interface. 23, 26, 27, 29 The mechanisms for these improvements have been theoretically studied using density functional theory, looking at both the isolated channel and at the channel/gate dielectric interface. This has shown that when the channel region contains oxygen vacancies, these act as charge trapping sites causing both a reduction in l and an increase in SS, while structural relaxation from annealing allows these vacancies to either migrate towards indium atoms 30 or combine with under-coordinated oxygen atoms to create a stochiometric local environment. 31 It has also been shown that truly stochiometric channel/gate insulator interfaces do not show any trapping sites, but that the introduction of defects at this interface induces charge trapping, the effect of which can be significantly reduced through annealing. 32, 33 In both the channel and the interface studies, the presence of oxygen vacancies has been accompanied by metal-metal bonds and has been shown to be more common where the cells studied have been larger, i.e., the material has a lower density. Additionally, there are numerous works in which increases in density have been correlated to improvements in device performance, supporting this theoretical work, achieved through variations in deposition parameters. [34] [35] [36] It is therefore possible to monitor the reduction of these defects by measurement of the material density as a function of annealing. While the effect of higher temperature annealing, >250 C, on the electronic properties and on material structure, has been well explored, 27, 28, 37 the impact of low-and intermediate-temperature annealing (<300 C), compatible with fabrication of TFTs on flexible substrates, has received little attention, particularly in relation to the temporal aspect. Specifically, substrates such as polyethylene terephthalate (PET) or polyimide are relevant here, and the lower temperature annealing treatments are complementary to the low temperatures used to deposit the functional electronic materials on such substrates. It is this flexible application of a-IGZO TFTs that is likely to lead to the biggest market growth as the flexible electronics industry grows. Predictions for the general flexible electronics market run to values greater than $300B by 2025, 6 with a significant proportion of this made up of devices in which a-IGZO could be a key material, suggesting that the development of understanding of the effects of low-temperature treatments on material properties is vital.
This work reports a detailed compositional and structural analysis of a-IGZO thin films as a function of thermal annealing time (t ann ) and temperature (T ann ), combining x-ray photoelectron spectroscopy (XPS), to study the chemical composition, and grazing incidence x-ray reflectivity (XRR), to probe the density, thickness, and interface structure of the thin-film material. Here, 20 nm a-IGZO films were prepared by pulsed DC magnetron sputtering at room temperature, onto single crystal silicon substrates, with a native silicon dioxide layer, from a ceramic Indium Gallium Zinc Oxide target with atomic ratio of 1:1:1:4. Films were deposited with a DC sputter power of 1560 W and 1 ls reverse bias pulses at a frequency of 250 Hz. The base pressure of the sputter system was 50 lTorr, and the working gas was an argon and oxygen mixture (5% oxygen) that was introduced at 90 sccm with a working pressure of 2 mTorr. Single crystal silicon with native oxide was used here as the substrate to facilitate accurate and precise XRR measurements of density, and to eliminate the absorption of oxygen (or other contaminants) by the IGZO from the substrate.
The samples were annealed in ambient atmospheric conditions at four temperatures, 150 C, 200 C, 250 C, and 300 C, for times between 1 and 36 hours.
Compositional analysis of the as-deposited samples was done using XPS following argon ion cluster beam milling, intended to remove residual hydrocarbon contamination from the sample surface.
Structural analysis was done using XRR and the film thickness, density, surface structure width, and SiO 2 /a-IGZO interface width were studied. XRR measurements were undertaken on a Bede D1 High Resolution X-Ray Diffractometer, using monochromated Cu Ka 1 radiation (1.5406 Å ). The XRR data were interpreted with best fitting simulations of a three layer model consisting of Si/SiO 2 /IGZO, fitted using the GenX software package. 38 The IGZO stoichiometry used in the XRR analysis was obtained from XPS analysis. It should be noted that assuming ion charges of In 3þ , Ga 3þ , Zn 2þ , and O 2À , and using the charge neutrality condition, the stoichiometric oxygen content in a film of In
Compositional analysis, using XPS, of the unannealed sample showed the atomic ratio in the deposited film to be 1:1.18:0.91:3.05 In:Ga:Zn:O. As discussed above, the stoichiometric oxygen content can be calculated from the ratio of the metal ions, and is found here to be z ¼ 4.18, indicating that the deposited film, with z ¼ 3.05, is oxygen deficient.
Figure 1(a) shows the full XRR profile for an unannealed sample along with the best fitting simulation from GenX, which shows that the measurements and the model fitted are in very close agreement. The critical angle h c marked in this figure, is directly related to the density of this a-IGZO film, while the spacing of the Kiessig fringes gives a measure of the film thickness, and the rate of attenuation of the signal with angle relates to the structure of the film surface (the combined width of topological roughness and chemical grading between the sample and air) and the SiO 2 /IGZO interface. 39 Figures 1(b) and 1(c) show linear intensity plots around the critical angle from the best fitting model that pertain to samples annealed at 200 C. The positive shift to higher h c indicates an increase in the IGZO density, compared to the t ann ¼ 0 h, for annealing up to t ann ¼ 3 h, while the negative shift to lower h c for t ann > 3 h indicates a reduction in density. The best fitting simulations of the XRR data indicated no significant variation in either surface structure width 4.4 6 0.8 Å or SiO 2 /IGZO interface width 1.3 6 0.7 Å (see supplementary material, Tables S2 and S3) for all combinations of t ann and T ann , indicating that these interfaces are unaffected by annealing within the temperature range studied here. Figure 2 and Table I both show the density of the IGZO as a function of annealing time obtained from the best fitting simulations to the XRR data. It is observed that annealing temperatures below 300 C appear to cause an initial C from 0 to 36 h with h c for each sample marked (here h c is defined as then the intensity falls by 10% of the maximum). From 0 to 3 h, there is a positive shift in h c , (b), while from 3 to 36 h there is a negative shift in h c (c).
densification of the film, followed by a gradual decrease, while at 300 C there is no increase. The annealing dependence of the density can be understood in terms of a thermal activation model with two parts. These two competing processes can be represented by an initial "stretched" exponential, as proposed by Moynihan et al. for the densification of amorphous solids, 40, 41 followed by an exponential reduction of the density for longer annealing times attributed to absorption of oxygen. The solid lines in Figure 2 represent this model as described by the following equation:
where q(t) is the density after anneal time t, q 0 is the asdeposited density, Dq s is the change in density due to structural relaxation, s s is the characteristic time for this structural relaxation, the exponent b is inversely proportional to the width of the distribution of relaxation times (0 < b 1), Dq o is the change in density due to oxygen absorption, and s o is the characteristic time for this oxygen absorption. The first process occurring during annealing and dominant at lower temperatures and short times is structural relaxation within the film accommodating defects produced during sample preparation; this causes densification of the film, as observed in other cases, 37, 42 while at longer anneal times and higher temperatures, the process of oxygen absorption into the film increases (see Refs. 43 and 44) . This process moves the oxygen ratio towards the "ideal" ratio of 1:1.18:0.91:4.18 as discussed earlier. From fitting of Equation (1) to the annealing time dependence of the density, information on the processes occurring during annealing can be extracted, in particular, the characteristic times for relaxation and oxygen absorption (s s and s o ), as well as the potential change in density due to each of these effects (Dq s , Dq o ), these are presented in Table II . These parameters are of particular interest as they provide a guide for optimum processing conditions. Table II shows that s s falls linearly with temperature, while Dq s shows a moderate increase over this range, indicating that structural relaxation occurs at all annealing temperatures, and that higher temperatures accelerate this process. This is unsurprising as there is likely a range of relaxation mechanisms with a range of barrier energies. Conversely, s o is constant between 150 C and 200 C and then falls rapidly, while Dq o is also constant up to 200 C, before increasing at higher temperatures. This suggests that the process of oxygen absorption is thermally activated and becomes more significant at temperatures above 200 C. While the change in densities seen here is significant and well above the measurement error margin, it should be noted that the change in sample thickness is small, and in most cases, the measured thickness is within the error margin of that of the un-annealed sample. This apparent lack of change in thickness may be explained by the competing processes discussed above. While the structural relaxation process would be expected to cause a reduction in film thickness, the absorption of oxygen may work, in complement to the decrease in density, to increase the thickness. Given the small density range over which these two processes work, it is reasonable to conclude that they work together to reduce the change in thickness to below the measurement noise. Indeed the only films in which a decrease in thickness was seen are those annealed at 200 C, where the energy barrier to oxygen absorption is significant, but structural relaxation occurs, in which case the maximum density was found after 3 h of annealing and the corresponding thickness of the layer dropped from 20.13 6 0.15 nm to 19.68 6 0.13 nm. At other temperatures, the thickness varied within 60.15 nm of the initial thickness.
A potential alternative reason for the fall in density at 300 C could be decomposition and subsequent desorption of material in the film, particularly of the Zn-O, due to the low electron affinity of zinc. However, it has been shown, through thermal desorption spectroscopy, that significant desorption of zinc only occurs above 300 C, and therefore, this process is unlikely to have a significant impact here. 45 Finally, it should be noted that the crystallization behavior of a-IGZO has been well studied elsewhere, and the onset of crystallization does not occur until between 520 C and 650 C; 28, 37 therefore, crystallographic changes are highly unlikely to have affected the materials studied here.
From this work, the annealing condition that led to the greatest increase in density, 1 h annealing at 200 C, was implemented in coplanar top-gated transistor device structures, with multiple channel length:width ratios, on a polyimide substrate, with the annealing taking place after deposition of the IGZO and before any further processing. After performing I-V transfer sweeps between À6 V and þ6 V, it was found that the annealed devices, when compared to similarly fabricated devices without the annealing step, showed significant improvement in the parameters discussed, consistent with the reduction of defects in the IGZO channel and interface. These improvements are summarised in Table S5 of the supplementary material, and include average reduction in sub-threshold slope (SS) of around 23%, increase in mobility of around 22%, shift of V on towards 0 V by 10%, and reduction in hysteresis by 45%, although this does include some asymmetry between forward and reverse sweeps, as detailed in Table  S5 (supplementary material). In summary, a detailed structural and compositional study of amorphous InGaZnO as a function of time at relatively low annealing temperatures has shown that two phenomena affect a-IGZO thin films during annealing; these are structural relaxation and oxygen absorption. It is shown that structural relaxation proceeds at temperatures between 150 C and 300 C, with the rate and magnitude dependent on the annealing temperature, while oxygen absorption is minimal below 200 C but increase in both rate and magnitude above this temperature. These processes are understood in terms of energy barriers with a range of energies for both the relaxation process and the oxygen absorption, where the minimum energy barrier for relaxation is below 36 meV (the thermal energy, k B T, at 150 C) with a continuous distribution above this energy, while the energy barrier minimum for oxygen absorption is around 40 meV (thermal energy at 200 C) with a continuous distribution above this. These energy barriers are seen here for material that is initially oxygen depleted, requiring around one oxygen per unit cell to achieve stoichiometry, and so the energy requirements are likely to change for other stoichiometries. Here a maximum densification of 5.6% from the as-deposited material was achieved at 200 C (where structural relaxation is able to proceed, while minimal oxygen is absorbed). Finally it should be noted that, as this study is concerned primarily with the changes in the bulk IGZO material, and the absorption of oxygen through the top surface, the conclusions drawn here, although taken from samples produced on a silicon substrate, are applicable to any other flexible or nonflexible substrate. Considered within the realm of a-IGZO TFT fabrication, these results provide strong guidance for mid-process annealing, whereby the density of a-IGZO can be increased, and the oxygen stoichiometry improved, without affecting other material layers.
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